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Abstract
We study the structure of the elementary excitations and their propagation in chiral hybrid structure,
comprising an array of two-level systems (TLSs) coupled to a one-dimensional photonic waveguide.
The chirality is achieved via spin-locking effect, which in an ideal case gives perfect unidirectional
excitation transport.We show that the application of transversemagnetic fieldwhichmixes the
corresponding levels in TLS results in the emergence of the slow lightmode in the photonic spectrum.
Finally, we demonstrate the protocols of writing the signal to the slow lightmode aswell as reading it
outwith ultrashort optical pulses, which opens new avenues for the realization of opticalmemory
devices based on chiral optical systems.
1. Introduction
Physics of systemswith chirality is one of the current trends inmodern science. In condensedmatter the paragon
example of the chiral system is represented by one-dimensional edge states forming in the regime of the
quantumHall effect [1]where chirality appears due to the breaking of the time inversion symmetry provided by
the application of the externalmagneticfield. Besides, non-trivial topology of the bulk electronic structure
related to the presence of strong spin–orbit interaction [2] can also result in the formation of gapless edgemodes,
whichmake the surface or interface of thematerial conducting, while leaving the interior insulating. This
happens in the class ofmaterials known as topological insulators [3]. In the domain of photonics, chiral edge
states appear in photonic crystals with engineered Berry curvature of the photonic bands, photonic analogs of
Hall effect [4–6] and topological insulators [7–10]. Effects of non-trivial topologywere reported in thewide
frequency range, from radio to optical frequencies [11].
Hybrid light–matter coupled systems can present certain advantages with respect to purely photonic or
purelymaterial ones. Indeed, in the regime of strong coupling these systems can support hybrid excitations
known as polaritons. The typical example of the geometry where polaritons emerge is planarmicrocavity
consisting of a pair of dielectric Braggmirrors and one or several quantumwells with excitonic transition in
resonancewith cavitymode [12]. The presence of the photonic component in cavity polaritonsmake them
robust against decoherence, while thematerial component is responsible for efficient polariton–polariton
interactions leading to the pronounced nonlinear response [13]. Besides, it is possible to tune the systemby
application of external electric andmagnetic fields [14]. This opens the possibility to engineer analogs of
topological insulators based on polariton superlattices, where band inversion is achieved due to the interplay of
the Zeeman splitting of the excitons induced by externalmagnetic field andTE–TMsplitting of the confined
photons [15–17].
On the other hand, there exists another simple andprospectiveway to organize chiral light–matter coupling
basedonemployment of transverse spin angularmomentumof light (SAM), which has recently attracted
significant research interest [18, 19]. For 2d evanescent electromagneticmodes, e.g. surface plasmonpolaritons,
non-zero optical SAMdensity emerges due to theπ/2phase shift between the electricfield projections onto the
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locking: SAMprojection is defined by the propagation direction of light [21, 22]. This effect represents optical
analogof spin–orbit coupling and canbeused in a variety of applications related tonanooptomechanics [23–25],
topological photonics [26], electromagnetic routing [27], electromagnetically assistedunidirectional spin
transfer [28].
It was recently suggested that SAMof confined electromagneticmodes propagating in quasi 1D fibers can be
used for the engineering of quantum information networks of next generation [29, 30]. The proposed geometry
consisted from regular one-dimensional array of two-level systems (TLSs), atoms or quantumdots placed on the
surface of thefiber and resonantly coupled to the evanescentmode propagating in it (see figure 1(a)). The
current state of technology allows fabrication of these kind of systems [31] andmonitoring of their physical
properties such as Bragg reflection spectrum [32, 33]. Transport of the collective excitations in these kind of
systemswill in focus of the present paper.Wewill consider both coupling of thefibermode to regular array of
discrete emitters and to a continuous 1Dmediawhich can be represented by e.g. semiconductor quantumwire
or organic polymer chain placed on the surface of the photonic fiber (seefigure 1(b)).
2. Themodel
We start from theHamiltonian Ĥ for the TLS array coupled to the photonic bath:
H H H H , 1cphot TLS= + +ˆ ˆ ˆ ˆ ( )
where thefirst term corresponds to theHamiltonian of the chiral photonic reservoir:
H v x x x x xi d , 2R x R L x Lphot  ò j j j j= - ¶ - ¶ˆ [ ˆ ( ) ˆ ( ) ˆ ( ) ˆ ( )] ( )( ) † ( ) ( ) † ( )
where ĵ is the annihilation operator of the photonicmode, (R, L) define themode polarization, and v is the
mode velocity. Such type of theHamiltonian can be realized in a number of systems: for example, it can be an
edge of a photonic topological insulator [34]. Alternatively, this could be any guidedmode in a one-dimensional
waveguide—in this case the polarization index defines the direction of the optical SAM [35]. Themode velocity v
isfixed and set to c2 3, where c is the speed of light in vacuum,which is a typical value for this kind of systems.
TheHamiltonian of the TLS array HTLSˆ is given by
H S S S S , 3
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where summation is taken over the TLSs position j, Ŝ are the spin operators satisfying the standard commutation
relations, andΩ⊥ is proportional to the effective transversemagnetic fieldwhichmixes two polarizations. In the
calculations, ò is set to 1 eV, andΩ⊥ is varying from0 to 1 meV. The couplingHamiltonian Hcˆ is given by
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whereΩR is the characteristic coupling strengthwhich is set to 0.5 meV, andψj(x) is the two-level system
wavefunctionwhich can be approximated by x L2 ej x x L1 2 2j
2 2y p= - - -( ) ( ) ( ) , where L is the effective TLS
dimension (set to 10 nm in the calculation).We thenmove to themeanfield approximation and further treat
j(R, L) and Ŝ as complex-valued functions. It should be noted, that in the casewhen ò?Ω⊥,ΩR the rotating
wave approximationmay be used.Within this approximation, we neglect the amplitudejL (if it was initially
absent) and obtain equations ofmotions using theHeisenberg equation. In the dimensionless units
t=(ΩR/ÿ)t, x=x/(vÿ/ΩR) the equations read
Figure 1. Schematic image of a TLS array over a chiral photonicwaveguide.
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whereΩ are normalized toΩR. The equation ofmotion for S j,+ˆ is omitted since these quantities can be directly
obtained from the relation S S S 1 4j j z j, , ,
2+ =- + .
It is also instructive tomove to the continuous limit by changing Sj to S(x) and S xj j j, yå - ( ) to
xS x x xdòr y - ¢-( ) ( )where ρ is the TLS concentration.We also apply the approximation of an infinitely
narrow kernel x x L x xy d- ¢ = - ¢( ) ( ). Then the equations (5)–(9) transform into
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It is important to note that for zeromagnetic fieldΩ=0 the equations coincidewithMaxwell–Bloch
equations describing propagation of optical pulses in two-levelmedia where there arewell known self induced
transparency (SIT) soliton, [36–38]. Indeed, in this case the problem can be formulated in terms of amplitudes of
wavefunctions corresponding to the upper v1 and the lower v2 levels such that
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where e exp 2ij xt= -( ) is the new photonicfield, τ=t−x is the new time, y x
2
= r is the scaled coordinate
and ξ is the parameter accounting for the detuning of the photon field from the resonance of the two-level
system.
The equations (15), (16) areZakharov–Shabat equations [39] and the system (15)–(17)has a soliton solution [40]
v sech 2 cos exp i , 181 bh q xh= - ( ) ( ) ( ) ( )
v sinh 2 i sech 2 exp i , 192 bt q bh xh= +( ) ( ) ( ) ( )
e 4 sech 2 , 20b bh= ( )) ( )






. In SIT solitons the optical field
excites the TLS but then return it exactly to the ground state. So SIT solitons are very different from the optical
soliton appearing because of nonlinearmodification of the refractive index of the propagationmedium (solitons
in nonlinear Schrödinger equation,NLS solitons). The fact that the opticalfieldmust return the two-level
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mediumback to the ground state imposes a condition (known as area theorem) on the are of the opticalfield and
thus SIT solitons are often referenced as 2π solitons.
3. Effect of the transversemagneticfield on the spectrumof linear excitations
In the present paper we focus on the effect of themagnetic fieldΩ on the dynamics of the pulses in the two levels
media. All the approximationsmade, we then analyze the resulting equations.Wefirst start from the linear limit:
in this case we assume that all the atoms are in their ground state S 1 2z
R L, = -( ) .We thenwrite down the











⎠⎟( ) ( )
The dispersion relation is shown infigure 2. This dispersion is similar to the dispersion appearing because of
electromagnetically induced transparency [43, 44] and also allows to obtain slow light. It is seen that the
dispersion splits into three branches, and the central branch is characterized by low group velocity vanishing at
Ω=0. Thus the excitations belonging to this branch can be referred as slow light. The background is the
spectral representation of the evolution of the photonic field obtained fromdirect numerical simulations. The
initial conditions for the numerical simulationwas a low intensity noise and tomake the background smoothwe
did averaging over 30 simulations.
In the absence of themagnetic fieldΩ=0 the intermediate branch shownby the dashedwhite line in panel
(a) corresponds to the oscillations of S SL z
L--
( ) ( ) subsystemwhich is decoupled fromboth the photonic field and
from the S SR z
R--
( ) ( ) subsystem. This explains why this branch of the dispersion characteristic is absolutely flat
and not visible in the spectral background obtained from the direct numerical simulations.
In the same time both the upper and the lower branchesmatchwell to the intense spectral patterns of the
background. The splitting between the upper and the lower dispersion branches is controlled by the density of
the atoms ρ (and in physical units, of course, by the coupling strength between the atoms and the photons). The
hybridization is significant only in the vicinity of the resonance and so at large detuning from the resonance one
of the dispersion characteristics becomes close to the dispersion of free photons and the other dispersion branch
becomes a horizontal line corresponding to free oscillations of the spin of the atoms (the atoms do not interact
directly but through the photons).
Panel (b) illustrate the case withmagnetic fieldΩ=1. It is seen that because of the coupling to the opposite
spins and through it to the photonic subsystem the intermediate branch forms afinite though a narrow band .
The coupling to the photonsmakes the line visible on the spectrum calculated for the photonic component. The
Figure 2. Spatial-temporal spectral representation of thefieldj. The plotted quantity is t x x t, e d dR t kxi i 2òj ¢ ¢ ¢ ¢w ¢- ¢∣ ( ) ∣( ) averaged over
30 simulations. Thewhite lines show the analytical dependencies of the frequency of the linear excitations on their wavenumber
derived in the continuous limit. The dashed line corresponds to themodewithout photonic component, the dispersions of the other





= = - , the number of atoms is 399, the length of the
system is 200whichmeans that the atomdensity is ρ=2. Panel (a) corresponds to zeromagnetic fieldΩ=0 and panel (b) to the
magnetic fieldΩ=1. The dimensionless unit of frequency corresponds to 1 meV in physical units, the wavevector 7.6 mm−1
corresponds to 1 in dimensionless units.
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group velocity of themodes belonging to the intermediate branch can be efficiently controlled by themagnetic
field and the regime of slow light can be achieved easily.
Now let us consider propagation of optical pulses in the systems in question.We start from the case of zero
magnetic fieldΩ=0. In our numerical simulationswe take the initial conditions in the form x t, 0j = =( )
a x x w k xsech exp i0 0-j j j j(( ) ) ( ), where aj is the amplitude, kj is thewavevector,w0j is thewidth and x0j is





= = - .
The regime of the linear propagation is shown in panel (a) offigure 3. It is seen that the pulse splits in two
components andmost of the energy goes to the quasi-photonicmode. It is also seen that because of the
interactionwith two-levelmedium the pulses propagate slower than the light in the fiber. The pulse spreads
significantly with the propagation and the dispersionmakes the shape of the pulse to be asymmetric.
3.1. Nonlinear propagation of optical pulses
The dynamics of the intense pulses is very different. As one can see in panel (b) offigure 3 the spreading of the
intense pulse is suppressed and a solitarywave forms. The physical origin of the localization is that the front part
Figure 3.The evolutionof thephotonic componentjof thepulse in the linear (a) and in the soliton regimes (b). Panels (c) and (d) show the
linear andnonlinear evolutions of thepulses in the reference frame tx x vy x0= - - j˜ )movingwith the velocity equal to the velocity of
light in thefiber.The vertical dashed lines showwhere the centers of the pulseswouldbe situated if thepulses propagatedwith the velocity
equal to the velocity of light in thefiber. The initial condition is taken in the form x t a x x w k x, 0 sech exp i0 0j = = -j j j j( ) (( ) ) ( ). For






= = - . Thedimensionless unit length corresponds to132 μminphysical units, thedimensionless unit of time—0.66 ps.
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if the photonic pulse excites the spins but then rear part of the pulse absorbs the photonic excitation. There is the
intensity of the pulsewhen the rear part of the photonic pulse removes energy from the spin subsystem
completely. So the propagation of the pulse does not perturb the atom subsystem and the dispersion of the pulse
caused by the coupling of the atoms and the photons is suppressed. As it is discussed above this process is very
much similar to the formation of SIT solitons in TLSs. It should bementioned here thatweak dispersive waves
seen infigure 3 are the residual radiation that is left of the initial pulse after the formation of the soliton. Since the
initial distribution is not an exact solitonwe see slow oscillations of the soliton and its overlapwith the residual
radiation, panel (d) offigure 3. Let us note that the oscillations of the solitons can be important for example from
the point of view of radiation effects but they are out of the scope of the present paper andwill be considered
elsewhere.
Now let us study the influence of themagnetic field on the propagation of the solitary waves in the
considered systems. The interesting phenomenon observed in the presence of themagnetic field is that aweak
but clearly visible radiation tail grows behind the solitarywave. In the spatial spectrumof the field a narrow line
appears indicating that the radiation is resonant, see figure 4. Let usmention that the evolution of the soliton
spectrum takes place because the initial pulse is not an exact soliton solution and the localizedmodes get excited.
The observed radiation can be interpreted asCherenkov radiation of an optical solitary wave coupled to
atomic system. In the optical context this effect was reported for the first time back in 1986 [45], the theory of the
radiation thenwas developed in [46]. Similar effects were also found in different physical systems, for example in
superconducting systems [47–49] and in the arrays of opticalmicro-resonators [50].
Figure 4.The evolution of the spatial spectrum (a) and the spatio-temporal spectrumof the photonic component (b) are shown for the
case ofmagnetic fieldΩ=1. The initial conditions are the same as infigure 3. The resonantCherenkov radiation ismarked as ‘Ch’.
Panels (c) and (d) illustrate the propagation in the presence of the spatially varyingmagnetic field xsin0 kW = W + D ( ),Ω0=1,
Δ=0.3 andκ=2. The additional observed resonances aremarked as ‘1’ and ‘2.’Tomake the resonant radiation spectral linesmore
visible the initial pulse is takenwith larger amplitude aj=2.5 and smaller widthw0j=0.8. The dimensionless unit of time
corresponds to 0.66 ps in physical units, thewavevector 7.6 mm−1 corresponds to 1 in dimensionless units, the dimensionless
frequency unit is equivalent to 1 meV.
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The radiation occurs when a spatial harmonic of the soliton has a velocity equal to phase velocity of the linear
eigenmode of the system. Since a solitary wavemoves as awhole without changes of the shape, all spatial
harmonics of the solitonmovewith the velocity of the soliton. So the frequenciesω of the spatial harmonics of
the soliton are expressed through their wave vectors k as v k ks s sw w= + -( )whereωs is the central frequency
of the soliton, vs is the soliton velocity and ks id thewavevector of the soliton. From this one can easily derive the
condition of the resonant emission of the dispersive wave by a solitarywave
k v k k , 22r s s r sw w= + -( ) ( ) ( )
where kr is thewavevector of the resonant dispersive wave.
As it ismentioned above all spatial harmonics of the solitonmovewith the same velocity and thus inω−k
representation the spectral pattern of the soliton is a stripe along the line V k ks s sw w= + -( ).Most of the
soliton energy is in the harmonics with k≈ks and that is why the soliton spectral pattern hasmaximumof
intensity at ks, which is clearly seen in the soliton spectral pattern shown figure 4(b).
The resonance condition (22) is satisfied if the soliton spectral pattern crosses the dispersion characteristic of
the linear excitations. As it is seen in panel (b) the crossingwith the intermediate branch takes place and at this
crossing a narrow bright spot is seen. The position of this bright spot exactly coincide with the narrow spectral
line seen in panel (a). Sowe can interpret the appearance of new spectral line as resonant excitation of slow light
by propagating solitary wave. Let us remark thatwithout themagnetic field themodes belonging to the
intermediate branch do not interact with the solitarywave and so the radiation is absent. It is alsoworth
mentioning that the soliton spectral pattern can cross neither the lowno upper branch of the dispersion
characteristic, so the resonant emission in thesemodes is impossible.
For sake of completeness we consider the case when the soliton propagate in a spatially periodic system. As
an examplewe study the case when themagnetic field is a periodic function of the coordinate x. Then the
propagation of the soliton produces several resonant lines in the spectrum, see panel (c) offigure 4. This can be
understood as an analog of transitional radiation of soliton orCherenkov radiation of Blochwaves [51]. To
describe the additional resonances the resonant condition (22) has to bemodified as follows
k v k k m , 23r s s r sw w k= + - +( ) ( · ) ( )
where
L
2k = p , L is the spatial period of themagnetic fieldmodulation andm is an integer. The resonance
condition (23) accounts for the fact that the spatial harmonics of the solitonmixes withmth harmonics of the
magnetic fieldmodulation and this component can be in the resonancewith a linearwave.
Graphical solution of the resonant condition (23) is shown in panel (d) form=[−1, 0, 1]. Apart from the
Cherenkov synchronism another four resonances are seen. The resonancesmarked as ‘1’ and ‘2’ are visible in the
spectrawell. The frequencies of the other two resonances overlapswith the soliton spectrum and so cannot be
resolved in panel (c). However at close look at the spectrum shown in panel (d) the spectralmaxima
corresponding to these resonances are visible exactly where they are predicted by the resonance condition. It is
interesting to note that in the presence of periodicmodulation thewaves belonging to the upper and the lower
dispersion branches can be resonantly excited by the propagating solitary wave.
It is shown that in the presence of themagnetic field intense pulses can resonantly excite slow light. This
effect can potentially be used forwriting and storing information in slow light pulses. Nowwe consider how this
information can be read. It can be done by the transformation of the slow light back into the propagating
photonicmodes. Herewe consider how resonant scattering of the slow light on optical solitary waves produces
new fast propagating pulses of low intensity.
3.2. Scattering of dispersivewaves on SIT solitons
In order to study the scattering of linear waves on the solitons in the presence of themagnetic fieldwe take the
initial condition in the formof the intense pulse having only the photonic component and a pulse of low
intensity having only atomic component. The excited atomic component splits into two pulses belonging either
to the intermediate and the lower or to the intermediate and the upper branches of the dispersion characteristics
and thus having different frequencies. The excited photonic component produces a solitary wave andweak
residual radiation.
The formation and the propagation of the pulses are illustrated in panel (a) offigure 5. It is seen that the
intense pulse propagates without any visible spreading but the radiation appears behind the soliton. As it is
discussed above this is a resonant radiation of the soliton. The corresponding spectral line appears in the
spectrumof the photonic field, see panel (b). At a certainmoment the soliton collidewith the slow pulses formed
from the seeded excitation of the atomic system. Approximately at the same time two newnarrow linesmarked
as ‘1’ and ‘2’ appear in the spectrum. These lines aswell as the Cherenkov line are clearly visible in the spatial
spectrum calculated at t=180, see panel (c).
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Tounderstand the origin of the spectral linesmarked as ‘1’ and ‘2’ it is necessary to consider a threewave
mixing process between the solitons and the dispersive waves [52]. A similar fourwavemixing process is well
known in nonlinear optics andwas studied both theoretically [53] and experimentally [54, 55]. It has been
shown that this process can be very efficient from the point of viewnew frequency generation and that it plays an
important role in optical supercontinuum generation [56–58].
Here we sketch the derivation of the resonant scattering. The nonlinearity results in themixing of the spatial
harmonics of the solitonwith the seeded dispersive wave. Thus in the reference framemovingwith the soliton
the driving force is a spatially localized function oscillating at the frequency equal to the detuning of the soliton
frequency from the frequency of the dispersive wave. After simple algebra one can show that the driving force is
in the resonancewith an eigenmode of themedium if the following resonance condition is satisfied
k k v k k , 24r s s r sdw dww w w w=  + - -( ) ( ( ) ( ) ) ( )
where kdw is thewavevector of the seeded dispersive wave.
Now let us discuss spectrum shown in panel (d) offigure 5. The atomic excitationswith thewavevector kA
produces two envelopes of slow light with kdw≈kA. However these pulses belong to different branches of the
dispersion characteristic (in this example to the upper and the intermediate ones) and have different frequencies
ωdw. The spectral features corresponding to these envelopes aremarked as ‘ssl’ (seeded slow light).
The graphic solutionof (24) for sign+ is shown inpanel (d)over the spatial-temporal spectrumof thefield for
twopulses formed from the seeded pulse. The crossing of the dashedorange linewith the dispersion characteristic
of the linearwaves indicates the resonance.One can see that the resonance condition predicts thepositions of the
Figure 5.The evolutionof the photonic componentj (a), the evolutionof the spatial spectrum (b), the spatial spectrumat t=180and
spatial-temporal spectrumillustrating joint propagationof intense andweakdispersivepulses. The spectral signatures of the seeded slow
light pulses aremarked as ‘ssl’. The initial condition is taken in the form x t a x x w k x, 0 sech exp i0 0j = = -j j j j( ) (( ) ) ( ) and SRy with
aj=2.,kj=2.5,w0j=1.5, x0j=−92. The initial state of the atomsubsystem is S 0R =- , Sz
R 1
2









0= - + -( )( ),








0= -- ( )( ) , where aA=0.075 is the amplitudeof the initial excitation,wA=25 is itswidth, kA=2.5 is the
excitationwavevector andd0=0.5 is thedistancebetween the atoms.Themagneticfield isΩ=1. Thedimensionlessunit of time
corresponds to0.66 ps inphysical units, thedimensionless unit of length corresponds to132 μm, thewavevector 7.6 mm−1 corresponds
to1 in dimensionless units, thedimensionlessunit of frequency corresponds to1 meV.
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resonances ‘1’ and ‘2’ verywell. It isworthmentioning here that the sign—in (24) give a second resonancebut the
coupling of thedriving forcewith this resonantmode isweak and so the resonant radiation is not seen.
In the example considered above the soliton nestles on the lowermode and the scattering goes either from
the intermediatemode to the lower one or vice versa. Changing the parameters of the seeded slow light
excitation it is possible to obtain the scattering between the intermediate and the uppermodes.
Figure 6 illustrate the case when the seeded pulse splits into two envelopes belonging to the intermediate and
the uppermode.When the dispersive waves of the intermediate branch collide with the soliton thewaves
belonging to the upper branch get excited. In its turnwhen the envelope of the dispersive waves belonging to the
upper branch collide with the soliton the scattering goes into themodes of the intermediate branch of the
dispersion characteristics.
So it is shown that solitary waves propagating in the considered system allows to generate new optical
frequencies and to provide intermodes switching of the dispersive waves.
4. Conclusions
Wehave studied the nonlinear dynamics of a chiral system comprising a one-dimensional array of TLSs in the
transversemagnetic field coupled via common chiral photonic reservoir.We have shown, that the transverse
magnetic field results in the emergence of the slow light branch in the photonic spectrum. Finally, the processes
of the stimulated excitation of slow light by solitons aswell as excitation of dispersive waves via the scattering of
soliton on slow lightmode have beenmodeled. This process constitutes the basis for the perspective realizations
of opticalmemory based on the chiral photonic systems.
Wewould also like tomention that the accounting for thefiber dispersion results in the additional terms in
equation (5) and this affects propagation of the optical pulses. However, first, thefiber dispersion can bemade
very small and so the results for dispersionless fibers are of physical importance. Secondly, the dispersion and
Kerr nonlinearity do not necessarily destroy SIT solitons but can result in the formation ofmixed SIT-NLS
solitons, [40–42]. Of course SIT-NLS solitons require a separate consideration but one can anticipate that the
resonant interaction between the solitons and the dispersive waveswould remain qualitatively the same as for
pure SIT solitons.
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wavevector 7.6 mm−1 corresponds to 1 in dimensionless units, the dimensionless frequency corresponds to 1 meV.
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